analysis methods from chemometrics can extract useful information from complex measurement data.
Multiyariate Analysis and Infrared Emission SpectroSCQPY
Infrared emission (IRE) spectroscopy involves the analysis of radiation from samples as a result of thermal excitation [2] . For the most part this technology has seen little use in the field of analytical chemistry in comparison with some of the more popular spectroscopic techniques [3, 4] . However, the interest of such groups as CPAC and the Center for NDE has produced a drive towards non-invasive methods that can be implemented on-line [5] . This interest has created new opportunities for technologies such as IRE spectroscopy, which have existed in the shadows of the more common transmission and reflectance methods. Coupled with this growing interest in process analysis methods is the continued development of chemometric techniques, allowing for the analysis of data that was otherwise deemed too complex [6, 7] .
The analysis of polymer materials for composition as well as other physical properties is an important task for many industries. A method that would allow on-line measurement of physical and chemical properties in a non-invasive and non-destructive manner would be ideal [1, 2, 8, 9] . Case in point, the current technique for coating analysis involves the removal of a sample from the end of a production process and the measurement of the weight loss after removing the polymer from the metal. This analysis method is both invasive and destructive.
Infrared emission spectra of samples ofDu Pont's Elvax® polymer product were analyzed using multivariate calibration techniques. The calibration models were used to predict vinyl acetate concentration. thickness. and temperature. A series of polyethylene and vinyl acetate co-polymers were used in this particular experiment. Data were collected on samples prepared frOr.1 five different concentrations of vinyl acetate(28. 18, 15,9.5, and 9.0%) at four thicknesses (0.508, 0.305, 0.203, 0.102 mm) and three temperatures (120, 110, and 100 0c) [9] . Data analysis was achieved using partial least squares (PLS). Figure 1 shows the infrared emission spectra as a function of thickness at a constant vinyl acetate concentration of 15% and temperature of 120°C. The spectra show considerable variation with thickness. A fair amount of structure is seen in the thinner samples, however as the thickness increases the identifiable bands are broadened and the amount of visible structure decreases [9] . The spectra also contain temperature information. A sample with a vinyl acetate concentration of 15 % and a thickness of 0.102 mm showed an increase in intensity with increasing temperature, indicating temperature prediction may also be possible. Infrared emission is used extensively for temperature prediction measurements, however some measurement or estimate of sample emissivity needs to be included [9] .
IRE spectroscopy was used to monitor the cure reaction of a commercial urethane paint product containing isocyanates and alcohols [1, 2] . Single point emission and absorption measurements of a painted surface were made in the Mid-IR. Results from absorption spectroscopic data analysis were compared to emission spectroscopic results to explore possible relationships. Principal component analysis (PCA) of the absorption data was implemented to determine the number of factors needed to explain the data. Results from PCA indicated that 3 factors were needed to define the observed spectral/temporal variance, leading to the determination that there is a correlation between the changes in the spectra and the physical state of the reaction mixture. Information generated from a PLS analysis performed on a set of calibration samples, shows variations in the isocyanate band which have been correlated to changes in the physical state of the product. Figure 2 is an enlarged view of the change in the isocyanate band where the spectral changes were correlated to the liquid, gel, and polymer states of the cure reaction. This data was then used to build predictive models for each of the chemical and physical properties of interest.
A current effort at CPAC is to couple this multivariate approach (intensities acquired at multiple wavelengths) with existing imaging technologies to retrieve both qualitative and quantitative data from a 2-D surface. One of the possibilities that lingers in the future, is the ability to spatially map out chemical and physical changes taking place during a chemical reaction on a 2-D surface. This data would actually exist in three domains including the spectral, spatial, and temporal. The use of existing chemometric techniques would further allow the extraction of information not available to the standard analysis.
Near-Infrared SpectroscQPY and Imaw.n~ NIR spectroscopy and imaging have seen important applications within CPAC. Research efforts have exploited the use of NIR spectroscopy and imaging as a means for non-invasive and non-destructive evaluation [10, 11] . Furthermore, the use of chemometric methods in conjunction with these spectroscopic and imaging techniques have led to heightened interest in these areas of research [6] . In a recent study remote, non-invasive NIR spectroscopy was used to identify and classify recycled plastic waste. A set of "real" plastic objects (POly (ethylene terepthlate) polystyrene, high density polyethylene, poly (vinyl chloride), and polypropylene) were analyzed using NIR spectroscopy [12] . There was quite a large va.iance in the raw spectra of these plastics, which was further demonstrated by the principal component analysis of the area normalized 2nd derivative spectra of all five plastic types. All of the plastic groups or in this case the individual plastic objects were correctly classified [12] .
This type of spectroscopic technology demonstrates the potential to utilize NIR imaging in conjunction with spectral fIltering to discriminate between plastic and nonplastic products as well as different plastic materials. The ability to discriminate and classify in the spatial domain using spectral information would provide a crucial step towardS on-line monitoring of a recycling process. Indeed, in a recent report, a monitoring technique is described in which a 2-D imaging technique based on IR spectroscopy is used to discriminate between plastic and non-plastic objects of varying shape, size, and color [13] .
The field of imaging has demonstrated its utility as a method for extracting quantitative and qualitative chemical information [14] [15] [16] [17] . There are analytical problems where an overwhelming need exists for spatial information in addition to the standard information retrieved from a spectroscopic analysis. Various imaging technologies have provided access to this spatial domain. Since the relationship between an image and the chemical/physical properties of the object under study is inherently related to the spectral behavior of the imaging system, it seems natural to utilize the existence of this spectral information in conjunction with the spatial information [17] . By coupling the spectral and spatial domains the complexity of the data increases. In fact, in the same manner as many of the current analytical methods, there are problems when many chemical substances are present in the sample. [17] . In general, these imaging techniques suffer from the same problems that plague many analytical methods. However, researchers have recognized the utility of coupling this 2-D chemical information with existing chemometric techniques [18] . Furthermore, many of the current techniques used for multivariate data analysis have been modified to be used as techniques for multivariate image analysis. These multivariate image analysis tools are currently being used as aids in data analysis in areas of remote sensing, microscopy, and MRI [19] [20] [21] [22] [23] [24] [25] .
One of the investigations currently underway at CPAC, is the use of NIR imaging to remotely monitor moisture levels of nuclear waste such as those found at the Hanford, W A site. This research was initiated to determine the feasibility of detecting and monitoring moisture levels in a nuclear waste simulant. The goal is to map moisture distribution and segregation in a granular/powder semi-solid sample (simulant nuclear waste). The standard imaging technique has been coupled with spectral filtering to investigate simulant moisture levels. Three specific wavelengths are used in correspondence to the water band located around 975nm. Figure 3 is a series of absorbance images collected at 850, 900, and 950nm representing the presence of moisture in a simulant sample containing 5% water. These studies have provided us with information that is helping us understand sensitivities and interferents in the NIR with respect to specific moisture levels in semi-solid samples. Previous NIR spectroscopic studies have confirmed the existence of a correlation between moisture levels and NIR absorbance spectra [26] . Indeed much of the imaging research has extended from spectroscopic technologies (IRE and NIR). However, instead of making point by point spectroscopic measurements of a two-dimensional surface, it has been recognized that it is possible to make similar measurements that incorporate spectral and spatial information using NIR [27] . PRO-MRITM applies pattem recognition techniques to multivariate MRI data [27] . The identification of an unknown chemical compound is a common dilemma. One approach is to generate an NMR spectrum of the compound and compare it to a library of compounds. Most NMR spectrometers are of sufficiently high resolution, that a successful identification is readily achieved. However, for many investigators, cost and availability limit their usage. Pattern recognition methods are viable alternatives. In essence, a single high resolution measurement is replaced by a combination of low resolution measurements. This technique has the ability to perform unsupervised classification and quantitation in both medical and non-medical applications.
Pattern recognition techniques have been applied to MR data, in both analytical [28, 29] and medical [30] applications. That research has focused on data gathered from high resolution instruments. It does not focus on unveiling the full power of pattern recognition in conjunction with low resolution measurements.
The ability of pattern recognition methods to discriminate between samples is based on the variance of the data that describes the samples. The greater the variance of the data, the greater the potential discriminatory capabilities of the pattern recognition method. Several low resolution measurements made in different modalities can be compared, to obtain greater discriminating variance than can be gained from a single high resolution measurement. The PRO-MRI™ method incorporates a combination of pulse sequences and pattern recognition methods, that are used to identify chemical compounds or tissues, for either NMR or MRI data Despite the low spectral resolution of the data, the method is quite successful in this classification process. Pattern recognition methods have been applied to similar situations, including situations in NIR spectroscopy, which also suffer from low spectral resolution. samples were contained in 10 ml glass vials and imaged at the same time using a O.5T, 65 cm bore magnet (First Hill Diagnostic Imaging Center).
The analysis began with the selection of the regions of interest, which include the signals that correspond to the eleven compounds. The region selection allowed a "mask" to be constructed that could be applied to subsequent sets of MR images. The PRO-MRITM analysis then used the mask to create a MR signature based upon the characteristics of the signals that best identified each of the sample compounds. This data is referred to as the training set. The training set was then used to search for areas in a test set that have comparable MR signatures. The test set was identified as the data from the regions within the sample vials. PRO_MRITM was asked to search the test set for chemical compounds possessing similar MR signatures, within a specified threshold limit. Each of the individual vials were successfully marked and classified according to their composition. Investigations of raw surfactant materials and detergents have also utilized pattern recognition methods to discriminate between different chemical compounds.
MRI has proven to be an important technology in the field of medicine. As MRI matures, it will continue to see more use in non-medical arenas. The continued increase in availability and decrease in overall cost, should allow greater access to such instrumentation, generating more investigations into new probative methods.
The basic IRE, NIR and NMR spectroscopic methods discussed in this report have all proven their utility in measuring chemical and physical properties. Each of these technologies has also demonstrated the ability to perform similar qualitative measurements in the spatial domain with the implementation of imaging methodology. With the continued application of multidimensional chemometrics, the joining of the spectral and spatial domains to further elucidate qualitative and quantitative information seems imminent.
